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Final  Report 


a.  Statement  of  problems  studied. 

(i)  To  investigate  the  static  and  dynamical  properties  of  polymers  in 
solution  fran  dilute  to  semidilute  solutions  using  the  scaling  concept. 

(ii)  To  examine  the  characterization  of  molecular  polydispersity  effects 
using  photon  correlation  function  analysis. 

(iii)  To  study  the  tempera  ture-ccrpos i tion  behavior  of  a  polymer 
solution,  polystyrene  in  methyl  acetate,  which  has  an  upper  and  a  lower 
critical  solution  temperature. 

(iv)  To  study  polymerization  kinetics  by  Raman  scattering. 

b.  Surtmary  of  the  most  important  results. 

(i)  We  have  shewn  that  although  the  scaling  concept  is  correct  in  the 
limit  of  infinite  polymer  molecular  weight,  its  application  needs  to  be  modi¬ 
fied  for  finite  molecular  weight  polymers.  In  semidilute  solution,  the 
presence  of  pseudo  gel  high  frequency  motions  can  be  analyzed  by  means  of  a 
histogram  method  of  correlation  function  profile  analysis. 

(ii)  In  our  characterization  of  molecular  polydispersity,  we  must 
emphasize  the  interactive  nature  of  experimental  measurements,  methods  of 
data  analysis,  and  comparison  with  theory.  An  empirical  method  was  developed 
to  approximate  the  Laplace  inversion  in  order  to  estimate  the  linewidth 
distribution  function.  By  taking  into  account  the  particle  scattering  factor 
and  intermolecular  interactions,  we  were  able  to  determine  the  molecular  weight 
distributions  of  polymers  such  as  polystyrene,  poly  [bis  (m-chlorophenoxy) 
phosphazene] . 

(iii)  We  have  examined  a  polymer  solution,  polystyrene  in  methyl  acetate 
PS/MA  which  has  an  upper  and  a  lower  critical  solution  temperature  within  the 
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experimental  range  of  our  light  scattering  spectrometer.  The  result  of 
this  investigation  has  led  us  to  consider  the  PS/>&  system  as  a  possible 
candidate  for  studying  the  kinetics  of  spinodal  decomposition  and  nucleation 
processes. 

(iv)  Raman  scattering  in  combination  with  light  scattering  and  refrac¬ 
tive  index  measurgnents  may  permit  us  to  develop  a  technique  to  study  poly¬ 
merization  kinetics  including  the  determination  of  polymer  Aoncmer  concentra¬ 
tion,  molecular  weight  and  distribution  of  polymer,  as  well  as  polymer  size. 
(See  attached  reprint  and  galley) . 


c.  List  of  publications. 

During  the  contract  period  (4/1/79-3/31/82)  the  following  articles 
were  published  with  the  support  of  the  U.S.  Army  Research  Office. 

102.  Esin  Gulari,  Erdogan  Gulari,  Y.  Tsunashima  and  B.  Chu,  Photon 
Correlation  Spectroscopy  of  Particle  Distributions.  J.  Chem.  Phvs.. 
$(8),  3965  (1979). 

103.  B.  Chu,  Dynamics  of  Macromolecular  Solutions.  Physica  Scripts.  19. 

1*58  (1979).  -  ** 

104 .  B.  Chu,  Esin  Gulari  and  Erdogan  Gulari,  Photon  Correlation  Measurements 
of  Colloidal  Size  Distributions.  II.  Details  of  Histogram  Approach  and 
Comparison  of  Methods  of  Data  Analysis,  Physica  Scripts,  476  (1979). 

105. *  B.  Chu  and  T.  Hose,  Static  and  Dynamical  Properties  of  Polystyrene  in 

Transdecalin ,  Macromolecules .  jyg,  347  (1979). 

106.  Erdogan  Gulari,  Esin  Gulari,  Y.  Tsunashima,  and  B.  Chu,  Polymer 
Diffusion  in  a  Dilute  Theta  Solution:  1.  Polystyrene  in  Cyclohexane, 
Polymer,  $>,  347  (1979). 

107.  B.  Chu  and  Esin  Gulari,  Polymer  Diffusion  in  a  Dilute  Solution: 
2.Poly[bls(m-chlorophenoxy)phosphazene}  in  chloroform.  Macromolecules. 

445  (1979). 

Il4.  T.  Hose  and  B.  Chu,  Static  and  Dynamical  Properties  of  Polystyrene  in 
Transdecalin.  III.  Polymer  Diffusion  in  Dilute  Solution  in  the 
Transition  Region,  Macromolecules .  1122  (1979). 


115.  B.  Chu  and  T.  Nose,  Static  and  Dynamical  Properties  of  Polystyrene  in 
Transdecalin.  IV.  Osmotic  Compressibility,  Characteristic  Lengths, 
Internal  and  Pseudogel  Motions  in  the  Semidilute  Regime,  Macromolecules , 

122  (1980). 

123.  A.  DiNapoli,  B.  Chu,  and  T.Y.  Liu,  Light  Scattering  Spectroscopy  of 
Meningococcal  Polysaccharides ,  American  Chemical  Society  Synposiun  Series, 
150,  (1981)  pp  173-199. 

124.  Y.-H.  Lin  and  B.  Chu,  Static  and  Dynamical  Properties  of  Polystyrene  in 
Carbon  Tetrachloride.  1.  Characteristic  Frequency  in  the  Dilute,  Inter¬ 
mediate,  and  Semi-Dilute  Regions,  Macrcmolecules ,  14,  385  (1981) . 

125.  B.  Chu  and  Y.-H.  Lin,  Static  and  Dynamical  Properties  of  Polystyrene  in 
Carbon  Tetrachloride.  2.  Osmotic  Pressure  and  Radius  of  Gyration  in  the 
Dilute,  Intermediate  and  Sard-Dilute  Regions,  Macrcmolecules,  14,  392  (1981) . 

126.  B.  Chu,  G.  Fytas,  and  G.  Zalczer,  Study  of  Thermal  Polymerization  of 
Styrene  by  Raman  Scattering,  Macrcmolecules,  14,  395  (1981). 


128. 

129. 


G.  Fytas,  Th.  Dorfmuller,  Y.-H.  Lin  and  B.  Chu,  Photon  Correlation 
Spectroscopy  of  Bulk  Silaxane  Polymers,  Macromolecules ,  14..  1088  (1981) . 

Y.-H.  Lin,  G.  Fytas  and  B.  Chu,  Depolarized  Rayleigh  Spectra  of  Siloxane 
Polymers,  J.  Chan.  Phys.  75,  2091  (1981) . 


d.  List  of  all  participating  scientific  personnel. 

Post  -Doctorates:  Gilbert  Zalczer  Kenji  Kubota 

Martin  Orel  in  James  Ford 

Graduate  Students:  John  Pope 

W.  Bujalcwski 
R.  Lee 

Peter  Chu 


Undergraduate : 
Secretarial : 


Jane  Wainio 


Reprinted  from  Macromolecules,  1981, 14, 395. 

Copyright  ©  1981  by  the  American  Chemical  Society  and  reprinted  by  permission  of  the  copyright  owner 


i 
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V 

ABSTRACT:  We  present  a  new  method  for  studying  polymerization  kinetics  based  on  Raman  scattering. 

Our  method  has  selectivity,  is  reliable  and  easy  to  apply,  can  be  automated,  and  is  insensitive  to  most  spurious 
phenomena.  We  demonstrate  this  method  by  a  study  of  the  thermal  polymerization  of  styrene  at  60, 75,  and 
90' 


'T  V  (  I  C\  f. 

Introduction  I 

The  thermal  polymerization  of  styrene  has  recently  been 
the  subject  of  several  studies  by  light-beating  spectroscopy 
(polarized1  and  depolarized2),  interferometry  (polarized3 
and  depolarized4),  and  NMR.6  We  present  here  a  new 
method  based  on  Raman  scattering.  Our  method  has  se¬ 
lectivity,  is  reliable  and  easy  to  apply,  can  be  automated, 
and  involves  little  external  calibration.  We  emphasize  that, 
since  polymerization  involves  changes  in  chemical  bonds 
which  can  usually  be  observed  through  Raman  lines,  this 
technique  should  be  applicable  to  almost  any  polymeri¬ 
sation  process. 


’On  a  leave  of  absence  from  the  University  of  Bielefeld,  Faculty 
of  Chemistry  PCI,  48  Bielefeld  1,  West  Germany. 

1  On  a  leave  of  absence  from  the  Commissariat  i  I'Bnergie  Ato- 
mique,  Centre  d'Etudes  NucMaire*  de  Seeley,  SPSRM,  BP  2, 91190 
Gif-s/Yvette,  France. 
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Principle  and  Calibration 
The  principle  of  the  method  is  to  record  Raman  spectra 
from  the  sample  at  different  stages  of  polymerization.  In 
a  polymerization  reaction  some  portion  of  the  molecular 
structure  of  interest  usually  remains  unchanged.  The 
corresponding  Raman-active  lines  are  present  throughout 
the  process  and  can  be  used  as  standards  to  calibrate  the 
intensity  of  other  lines,  while  those  related  specifically  to 
the  monomer  vanish  and  those  related  to  the  polymer 
grow.  Monitoring  a  ratio  of  intensities  makes  the  mea¬ 
surement  insensitive  to  laser  power  fluctuations  or  sample 
turbidity.  Therefore,  the  method  is  reliable  even  in  un¬ 
favorable  conditions.  In  particular,  applications  of  the 
method  for  studying  copolymerization  processes  should  be 
a  worthwhile  extension. 

The  first  step  is  to  measure  Raman  spectra  of  the  mo¬ 
nomer  and  of  the  polymer  and  to  select  the  useful  lines. 
When  many  Raman  peaks  are  present,  some  of  this  in- 


J 


SM  Chu,  Fytas,  and  Zalczer 


Macromolecules 


ll«32 
1 1002 


o- 


jP~o 


_a  -o 
£>-o<r  .  .. 


i 


✓ 


i  ' 

/ 

/  ..-■■■ 
o  ^ - 


C(wt%)  100 


Figure  1.  Ratio  of  the  intensities  of  the  1632-cm'1  (double  bond) 
line  to  the  1002-cm'1  (ring)  line,  fj/fj,  as  a  function  of  the  monomer 

concentration:  (---)  equal-scattering  hypothesis;  ( - )  fit  to  eq 
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formation  is  redundant.  Consequently,  there  is  no  need 
to  scan  the  entire  Raman  spectrum  during  kinetic  studies. 
Furthermore,  for  many  interesting  polymers  the  spectra 
and  assignments  of  both  the  monomers  and  the  polymers 
are  available  in  the  literature.  In  our  case  we  selected  the 
1632-cm'1  line  due  to  the  aliphatic  double  bond  (denoted 
by  subscript  2)  and  the  1002-cm'1  line  due  to  a  ring  vi¬ 
bration  (denoted  by  subscript  1)  for  our  studies  of  thermal 
polymerization  of  styrene.  A  natural  hypothesis  is  to 
consider  the  ring  lines  independent  of  the  concentration. 
In  other  words,  the  Raman  scattering  due  to  the  ring  vi¬ 
bration  remains  the  same  whether  it  belongs  to  a  monomer 
or  to  a  polymer.  Unfortunately,  this  is  misleading.  Indeed 
we  measured  the  ratio  of  those  lines  in  polystyrene  in 
styrene  solutions  of  different  known  polymer  concentra¬ 
tions.  The  above  assumption  predicts  straight-line  be¬ 
havior,  obviously  not  verified  by  the  data,  as  shown  in 
Figure  1. 

Let  c,,,  be  the  concentration  of  monomer  molecules  and 
cp  be  that  of  polymer  segments  in  a  unit  volume.  The 
intensity  due  to  the  aliphatic  double  bond  is  I2  -  a?cm  and 
that  due  to  the  ring  is  /:  =  a1cm  +  6,cp>  where  <>i  ?£  6,.  So 
we  get 

l± _ (1) 

A  OlCm  +  Vp 

If  the  concentrations  appear  only  as  ratios,  we  can  use  mass 
concentrations  and  normalize  them  so  that  cm  +  cp  =  1. 
Then  we  have  the  empirical  expression 

A  _  T _ 1 _ 

A  aiC"L  b»/ai  +  (1  "  6iA»i)c» 

The  equations  are  insensitive  to  density  changes.  The  ratio 
a2/«i  is  equal  to  /2/ A  when  cm  =  1.  The  ratio  bi/a^  can 
be  deduced  from  a  fit  of  the  calibration  data  in  Figure  1. 
The  upper  curve  in  Figure  1  represents  a  good  agreement 
between  eq  2  and  our  calibration  using  a2/ax  *  1.32  ±  0.06 
and  bj/cij  =  0.59  ±  0.04.  The  first  of  these  ratios  has  a 
weak  temperature  dependence  but  the  second,  corre¬ 
sponding  to  lines  at  the  same  frequency,  can  be  assumed 
constant  and  is  essentially  independent  of  the  optical 
alignment  of  the  Raman  spectrometer.  For  more  complex 
systems,  other  empirical  formulas  can  be  developed.  In 
any  case,  a  calibration  is  essential  in  order  to  achieve 
quantitative  results. 

Thermal  Polymerization  of  Styrene 

We  have  applied  this  technique  to  the  thermal  polym¬ 
erization  of  styrene,  using  a  Spex  1302  double-monochro¬ 
mator  (0.5  m,  1200  grooves/mm)  and  recording  the  spectra 
by  means  of  a  chart  recorder.  As  we  were  interested  mainly 
in  the  integrated  intensities  of  the  peaks,  we  could  use  wide 
slits  (~300  jim),  which  reduce  the  required  laser  power 


time  (H)  1 00 

Figure  2.  Concentration  of  monomer  vs.  time:  (V,  A)  cells  1  and 
4, 90  °C;  (o,  O)  cells  2  and  5,  75  °C;  (□,  0)  cells  3  and  6, 60  "C. 
H  *  hour. 


Table  I 

temperature,  “C 
~60  75  90 

initial  rate,  %/h  0.32  1.1  3.1 

(~300  mW  at  488  nm)  and  thence  the  occurrence  of  any 
photoactivated  process.  In  fact,  a  spectrometer  of  much 
poorer  quality  would  have  been  sufficient.  On  the  other 
hand,  refinements  such  as  computer-controlled  scan,  digital 
recording,  and  automatic  data  acquisition  can  be  intro¬ 
duced  easily.  We  are  in  the  process  of  making  our  ex¬ 
periments  fully  automatic. 

Among  the  six  samples  we  have  studied,  five  were  only 
degassed  by  several  freeze-pump  cycles,  the  inhibitor 
(tert-butylpyrocatechol)  being  left  undisturbed.  The  sixth 
one  was  washed  several  times  with  water  in  order  to  re¬ 
move  the  inhibitor  and  then  dried,  first  with  calcium 
chloride  and  then  with  calcium  hydride.  The  observed  rate 
of  polymerization  for  that  cell  (no.  1)  agrees  quite  well  with 
the  other  measurements.  We  ran  two  samples  at  each  of 
three  temperatures,  60,  75,  and  90  °C,  and  found  good 
reproducibility  in  our  measurements.  The  concentration 
of  monomer  vs.  time  is  reported  in  Figure  2  for  all  cells. 
We  find  a  linear  behavior  until  about  65%  of  the  reaction, 
where  it  suddenly  becomes  faster.  Such  a  behavior,  known 
as  the  Trammsdorf  effect,6  has  been  observed  by  light 
scattering  techniques.4  It  is  not  clear  yet  whether  this  is 
a  real  phenomenon  or  an  experimental  artifact.  Indeed 
when  the  viscosity  of  the  sample  becomes  very  high,  the 
portion  lighted  is  no  longer  renewed  so  the  effect  of  several 
hundred  milliwatts  of  light  may  no  longer  be  negligible. 
In  that  region  we  have  actually  observed  a  thermal  lens 
effect  which  has  persisted  hours  after  stopping  the  beam, 
but  we  cannot  yet  ascertain  whether  this  effect  is  the 
reason  for  the  change  in  the  kinetics.  Another  possible 
reason  for  the  acceleration  in  the  polymerization  kinetics 
is  due  to  a  decrease  of  the  termination  rate  constant,  in 
terms  of  intrachain  interactions6  and  chain-transfer  effect," 
through  tremendous  viscosity  increases  during  the  polym¬ 
erization  process. 

From  the  results  of  Figure  2,  we  can  infer  a  variation 
of  the  initial  rate  with  the  temperature,  as  listed  in  Table 
I.  The  results  are  very  well  described  by  an  Arrhenius 
law  with  an  activation  energy  of  19  kcal/mol,  the  same  as 
observed  by  classical  methods,6  as  can  be  seen  in  Figure 
3.  On  the  other  hand,  the  rates  we  found  are  about  3  times 
higher  than  usually  reported.  We  believe  this  disagreement 
is  possibly  due  to  sample  preparation  procedures  and  not 
the  observation  method.  In  order  to  check  the  Raman 
detection  method,  we  polymerized  an  additional  styrene 
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Figure  3.  log  of  the  initial  reaction  rate  vs.  reciprocal  temperature. 
The  solid  line  represents  an  Arrhen:us  law  with  an  activation 
energy  of  19  kcal/mol.  H  -  hour. 

sample  at  75  °C  for  19  h,  during  which  time  we  monitored 
the  monomer  concentration,  as  shown  typically  in  Figures 
1  and  2.  After  stopping  the  reaction,  we  determined  the 
polymer  conversion  classically  by  first  dissolving  the  po¬ 
lymerized  sample  in  1,4-dioxane  and  then  precipitating  the 
polystyrene  in  methyl  alcohol.8  We  found  an  18%  con¬ 
version  by  the  classical  method  and  a  21%  conversion 
based  on  Raman  scattering.  The  agreement  is  quite  rea¬ 
sonable,  especially  in  view  of  the  fact  that  there  must  be 
a  residual  amount  of  oligomers  which  are  not  precipitated 
by  the  classical  method. 

Conclusion 

We  have  presented  a  new  method  for  studying  polym¬ 


erization  reactions  based  on  Raman  scattering.  This  me¬ 
thod  is  fairly  general,  easy  to  use  and  to  automate,  and 
insensitive  to  most  spurious  phenomena.  We  have  illus¬ 
trated  this  method  by  a  study  of  the  thermal  polymeri¬ 
zation  of  styrene  at  different  temperatures  and  found  our 
results  to  be  in  essential  agreement  with  those  obtained 
by  other  methods. 
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